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(57) ABSTRACT

Method for avoiding voltage instability 1n an electrical grnid
of an oflshore wind park, the ofishore wind park electrical
orid being connected at a first end of a high voltage
alternating current (HVAC) transmission and the main land
clectrical grid being connected at a second end of the HVAC
transmission, each of the wind turbines being connected to
the wind park electrical grid, the method comprises deter-
mining a main land phase angle at or near the second end of
the HVAC transmission; measuring an individual wind
turbine phase angle at one or more wind turbines; determin-
ing the difference between each of the measured 1individual
wind turbine phase angles and the main land phase angle;
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METHOD FOR AVOIDING VOLTAGE
INSTABILITY IN AN ELECTRICAL GRID OF
AN OFFSHORE WIND PARK

This application claims the benefit of European Patent
Application EP12382051, filed on Feb. 16, 2012, and of

U.S. Provisional Patent Application Ser. No. 61/624,884,
filed on Apr. 16, 2012.

The present invention relates to methods for avoiding
voltage instability in offshore wind parks.

BACKGROUND ART

Modern wind turbines are commonly used to supply
clectricity into the electrical grid. Wind turbines of this kind
generally comprise a rotor with a rotor hub and a plurality
of blades. The rotor 1s set 1into rotation under the 1nfluence
of the wind on the blades. The rotation of the rotor shaft
either directly drives the generator rotor (“directly driven™)
or through the use of a gearbox.

An important trend 1n the field of wind turbines 1s to place
the turbines in offshore wind parks. These wind parks
comprise a plurality of wind turbines and a local wind park
orid. This wind park grid may be connected to an onshore
clectrical grnid through a High Voltage Alternating Current
(HVAC) transmission.

In known HVAC transmission systems voltage instability
problems may occur which may cause a voltage collapse in
case of severe disturbances, like deep voltage sags. Voltage
stability may be defined as the ability of a power system to
maintain steady acceptable voltages at all buses in the
system under normal operating conditions and after being
subjected to a disturbance.

A system may enter a state of voltage instability when a
disturbance, an increase in load demand, or a change 1n
system conditions, cause a progressive and uncontrollable
drop 1n voltage. An important factor causing instability 1s the
inability of the power system to meet the demand for
reactive power. At the heart of the problem 1s usually the
voltage drop that occurs when active and reactive power
flow through mductive reactances associated with the trans-
mission network.

Voltage instability 1s a local phenomenon; however, its
consequences may have a widespread impact. Voltage Col-
lapse 1s more complex than simple voltage instability and 1s
usually the result of a sequence of events accompanying
voltage instability leading to a low-voltage profile in a
significant part of the power system. Solutions that only take
into account local voltages may not be good enough to
predict and/or prevent voltage collapse for electrical grids
involving oflshore wind parks.

The prediction of voltage mstabilities with enough antici-
pation in order to avoid damaging consequences 1s funda-
mental. In this respect, 1t 1s known to use a Voltage Collapse
Prediction Index (VCPI) consisting of calculating this index
at every bus of the power system 1n oflshore wind parks. The
calculation of this VCPI requires to have voltage phasor
information of the buses in the system and to know the
network admittance matrix. The value of VCPI may deter-
mine the proximity to voltage collapse at a specific bus. A
disadvantage 1s that the index used 1s rather complex and the
information necessary to use 1t may not even be available to
wind park operators.

In this respect, a simpler index that 1s able to assist in

avoiding voltage collapse 1s desired.

SUMMARY OF THE INVENTION

In a first aspect, the mvention provides a method for
avoiding voltage instability i an electrical grid of an
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oflshore wind park, wherein the ofishore wind park electri-
cal grid 1s connected at a first end of a high voltage
alternating current transmission and the main land electrical
orid 1s connected at a second end of the high voltage
alternating current transmission, and wherein the wind park
has a plurality of wind turbines. The method comprises
determining a main land phase angle at or near the second
end of the high voltage alternating current transmission and
measuring an individual wind turbine phase angle at one or
more wind turbines. The method further comprises deter-
mining a threshold phase angle difference, determining the
difference between each of the measured individual wind
turbine phase angles and the main land phase angle and
determining whether the diflerence between one of the
measured 1ndividual wind turbine phase angle and the main
land phase angle exceeds the threshold phase angle difler-
ence.

It has been found that the difference between the phase
angle at an individual wind turbine and the phase angle at the
onshore end of the HVAC may be used to indicate when a
situation close to voltage instability (and voltage collapse)
arises. Whenever this phase angle difference surpasses a
threshold value, a warning may be obtained and/or preven-
tive actions may be undertaken. An advantage of using this
phase angle difference 1s that 1t 1s relatively simple and easy
to implement. A turther advantage 1s that 1t has been found
to be reliable for avoiding voltage instability.

In some embodiments, determining the main land phase
angle comprises measuring a phase angle at or near the first
end of the high voltage alternating current transmission and
calculating the main land phase angle at the second end
based on a model of the high voltage alternating current
transmission. Alternatively, the phase angle may be mea-
sured at the second end of the HVAC transmission. This
information may then be sent through a suitable communi-
cations network (e.g. optical fiber) to the ofishore wind park.

In an implementation, wherein there 1s no such commu-
nication system between the oflshore wind park electrical
orid and the main land electrical grid, the main land phase
angle may be computed at the first end of the high voltage
alternating current transmission. In order to achieve this, a
phase angle may be measured at or near the first end of the
high voltage alternating current transmission. Next the main
land phase angle may be estimated based on the measured
phase angle at the first end of the HVAC and on the model
of the HVAC transmission system. This model may com-
prise the electrical parameters of HVAC transmission line.
These parameters may permit to calculate the phasor of the
voltage at the main land electrical grid. The main land phase
angle may be obtained from this phasor.

In some embodiments, it a difference between at least one
individual wind turbine phase angle and the main land phase
angle exceeds the threshold phase angle, the active power
generated by all the wind turbines of the wind park 1is
reduced. A relatively high value of the phase angle differ-
ence may 1ndicate that the HVAC 1s close to 1ts limits, so that
in as far as possible, the active power generated by the wind
turbines 1s reduced without completely disconnecting the
turbines.

In some embodiments, 1f a difference between at least one
individual wind turbine phase angle and the main land phase
angle exceeds the threshold phase angle, the reactive power
provided by one or more of the wind turbines 1s adjusted.

In some embodiments, one or more AC reactors may be
provided at or near the first end and/or at or near the second
end of the high voltage alternating current transmission for
optimizing the power flow across the HVAC. In these
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embodiments, the AC reactors may be disconnected if a
difference between the first angle at or near the first end and
the main land phase angle exceeds the threshold phase angle.

The AC reactors located at or near the first end and/or at
or near the second end of the high voltage alternating current
transmission may consume reactive power to compensate
the capacitive reactive power from the cables.

Therelore, 11 a difference between the first angle at or near
the first end and the main land phase angle exceeds the
threshold phase angle, 1t may be suitable to disconnect these
reactors 1n order to avoid larger reactive power consumption
in the power system.

Additional objects, advantages and features of embodi-
ments of the invention will become apparent to those skilled
in the art upon examination of the description, or may be
learned by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Particular embodiments of the present imvention will be
described 1n the following by way of non-limiting examples,
with reference to the appended drawings, 1n which:

FIG. 1 1llustrates a general control scheme according to an
embodiment of the present ivention;

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 shows a schematic representation of a general
control scheme of a power system according to an embodi-
ment of the present invention. FIG. 1 shows an oflshore
wind park comprising a generating unit or wind turbine 127,
which 1 this embodiment may be a permanent magnet
synchronous machine (PMSM). The generator of the wind
turbine may be connected to a Back-to-Back converter
comprising two voltage source converters: machine side
converter 117 (IMSC) and grid side converter 116 (GSC), and
a DC link 126. Further shown 1s a control unit 114 which

controls the wind turbine 127. The already-mentioned ele-
ments are connected to a medium voltage transformer 115
and a medium voltage transmission line 128.

A point of common coupling (PCC) of the offshore wind
park 115 connects the offshore wind park with the first end
of a high voltage alternating current (HVAC) transmission
109 which comprises a high voltage transformer 129 and AC
reactors 113. The AC reactors 113 may be controlled by the
AC compensations disconnection control umt 110. A point
of common coupling (PCC) onshore 107 connects the sec-

ond end of the HVAC transmission 109 which comprises a
high voltage transformer 130 and AC reactors 106 to an
onshore electrical grid 101 and a STATCOM 102 or a similar
regulating device, such as e.g. a Static Var Compensator
(SVC). The AC reactors 106 may be controlled by the AC
compensations disconnection control unit 105.

The AC reactors and STATCOM generally may have the
role of optimizing the power tlow through the HVAC as well
as providing the referenced reactive power to the gnd
according to the applicable grid code.

The prediction of voltage instability before 1t happens and
in response, performing some actions to avoid the men-
tioned voltage istability, which could lead to a voltage
collapse, 1s highly desirable. Prediction of voltage instability
1s meant to be understood as the capacity for determining
that voltage instability may occur in a short period of time
but 1t has not happened vet. It has been found that, in order
to predict voltage instability the difference in voltage angle
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4

between the onshore end of the HVAC and buses 1in the wind
park 1s a reliable indicator. This difference 1s determined in
accordance with:

5=16,,]

Wherein 9, 1s the angle of the voltage phasor at bus 1, 9,
1s the angle of the voltage phasor at bus j.

In the current embodiment, an index that 1s based on the
difference 1n voltage angles 1s proposed. This index may be
called ADI (Angular Difference Index) and may be deter-
mined 1n accordance with the following equation:

Wherein 9,  1s the angle that determines maximum active
power transmission (90°, theoretically). The value of ADI
may vary between 0 and 1 and 1t may predict the proximity
to voltage collapse at a specific bus. It ADI, =0, the voltage
at a specific bus 1 1s considered stable and it ADIL =1 a
voltage collapse may occur.

Thus, based on ADI, when 0=10,~0 |, reaches the theoretic
limit of 90°, the maximum active power deliverable 1is
achieved, ADI, =1 and voltage collapse may occur. But, in
fact, in accordance with circumstances, the limit may be set
at a different level. For example, a critical angular difference
... .(eg 83°) may be defined. In this respect, 1t 0=I10,—-
0;120,:5.4; VOltage nstability 1s predicted.

Based on the above, when voltage instability 1s predicted
(10,-0,120,,4.,;) SOme actions to avoid the mentioned volt-
age mstability which could lead 1n a voltage collapse may be
performed as shown below:

Control Implemented 1n the Voltage Source Converters of
the Back-to-Back Converter Once Voltage Instability 1s
Predicted:

Once voltage instability 1s predicted, one suitable
response may be to reduce the active power delivered by the
generating unit or wind turbine 127 and to adequate the
reactive power 1injection. In this respect, when voltage
instability 1s predicted, the wind turbine 127 may keep
generating power during the disturbances associated to the
voltage instability state. In this embodiment, a DC chopper
108 1s provided. Both the DC chopper 108 and the voltage
source converters: machine side converter 117 and gnd side
converter 116 of a Back-to-Back converter connected to the
wind turbine 127 may be used to regulate the active and
reactive power.

The prediction of voltage instability at wind turbine 127
1s based on the aforementioned index ADI. The ADI par-
ticularized for the wind turbine 127 may be called ADI, and
may be determined in accordance with the following equa-
tion:

Wherein 0, 1s the angle of the voltage phasor at the bus
where the wind turbine k (for this embodiment, wind turbine

127) may be connected. The angle 6, may be calculated with
the Phase Lock Loop (PLL) 118. The angle o, may be

calculated with the PLL unit 103 at or near the second end
of the high voltage alternating current transmission 109
generally measured at the point of common coupling (PCC)
107. The angle 9, 1s the angle when maximum active

limm
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power 1s transmitted and may be set at the theoretical
maximum of 90°, but may also be set at a different, more
conservative level. It will be clear that the mndex may be
calculated for a plurality or all of the wind turbines 1n a wind
park.

A critical angular difference o_,.,. ., (e.g. approximately
60°, 70° or 80°) may be defined and 1t 6=10,-9,/=0_.,... . ..
then voltage instability 1s predicted and several actions to
avoid voltage 1nstability are performed.

The box 114 of FIG. 1 delimits the control unit which
controls the wind turbine 127.

Once the voltage instability 1s predicted (10,—
0520 ... 5,), another action that may be carried out 1s the
computation of the definite references currents I_* and I /* to
be applied 1n the wind turbine 127. To obtain these reference
currents, reference active power P* and reference reactive
power Q* may be computed in accordance with:

P*=P, calpha P

(%=, ralpha ¢

Wherein P* 1s the desired active power, Q* 1s the desired
reactive power, P, . and Q, - are the reterences of active
power P and reactive power (Q in a normal condition
respectively, alpha_P and alpha_Q 1s a reduction parameter
that may be computed as follows:

it ADL,<ADI;, , and V>Vsag—
alpha_P=1,alpha Q=1

if ADL,=ADI;, o or V=Vsag—

alpha P=max(0.k1p-(1-ADI, ,)+i2p-(1-V))

alpha_ O=max(0.k19-(1-ADIL o)+k2q-(1-V))

Wherein ADI,_, 1s the stability index at wind turbine k
(for this embodiment, wind turbine 127), ADI, _ 1s an
adjustable parameter (0.2-0.4), V is the local voltage in the
generating machine (p.u.), Vsag 1s an adjustable parameter
(p.u.) indicative of the maximum acceptable voltage sag and
klp, k2p, klq and k2q are adjustable weights. Based on the
above, 1t must be noted that verifying that the local voltage
V 1s lower than a predetermined value Vsag may be an
additional verification which may predict voltage instability
or other problems in the electrical grid.

When ADI,_=ADI, _ or V=Vsag, alpha P and alpha_Q
takes the maximum value among 0 and k1q-(1-ADI, )+k2q:
(1-V) to avoid negative values. In thus embodiment, the
local voltage 1s thus also taken into account. In other
implementation, this does not necessarily need to be the
case.

Once the desired active and reactive power P* and Q* are
obtained, the definite reterences currents and I_* and I;* in
reference qd may be computed in the reference current
computation units 122. The voltages of the AC side of the
converters 117 and 116 in reference gqd called Vlg, VId may
then be obtained from calculus derived from currents I_* and
I * effectuated 1n reference current limitation modules 123,
current loops modules 124, Park modules 119 and SVM
modules 125. Once the voltages Vig, VId have been
obtained, they may be applied to the voltage source con-
verters 117 and 116 within the Back-to-Back converter in
order to control the reactive power and the torque of the
wind turbine 127 with the voltage source converter 117 and
to control the voltage 1n the DC link 126, and to generate or
consume reactive power with the voltage source converter

116.
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Control Performed by the DC Chopper Once Voltage Insta-
bility 1s Predicted:

In order to help to achieve power reduction, the DC
chopper 108 of the generating machine whose bus 1s close
to voltage instability may be activated. The current through
the resistance of the DC chopper 108 will correspond to the

overvoltage of the DC bus connecting the voltage source
converters 117 and 116 1n accordance with:

I3) dc
Emax

— Emiﬂ

I, =k
- Emin

N Edc = Emr.'n

Wherein 1, 1s the current through the chopper 108, E ,  1s
the voltage of the DC bus of the Back-to-Back converter,
and E__and E__  are the maximum and minimum values
for the actuation of the chopper 108. In case where voltage
instability 1s predicted (16,-0,120.. .....;), E . may exceed
the value E_ . and 1f this situation arises, the chopper may
be activated by acting on the chopper transistor so that
current 1 , may be applied to the chopper resistance 1n order
to contribute to reduce active power injection into the grid.
Possible Additional Control Implemented by the AC Com-
pensations Disconnection Control Units Once Voltage Insta-
bility 1s Predicted:

AC reactors 113,106 may be installed at the first and
second end of the high voltage alternating current transmis-
sion 109 respectively and they may be controlled by the AC
compensations disconnection control units 110,103, respec-
tively.

In response to the prediction of a voltage instability, a
further possible action 1s the simultaneous disconnection of
the AC reactors 113, 106 by the control units 110,105 1n
order to avoid larger reactive power consumption. The
power system must find out when it 1s required to disconnect
the AC reactors 113, 106 1n order to avoid a possible voltage
instability state. In this respect, voltage instability must be
predicted. The prediction may be based on the verification of
the ADI index. In this case, the ADI may be determined
individually for the AC reactors; ADI _ may be determined

in accordance with the following equation:

Wherein 6 , may be calculated with the PLL unit 112 at or
near the first end of the high voltage alternating current
transmission 109 and 1t may be the angle of the voltage
phasor at the bus where the oflshore wind park AC com-
pensations are connected. The angle 0, may be calculated
with the PLL unit 103 at or near the second end of the high
voltage alternating current transmission 109 generally mea-
sured at the point of common coupling (PCC) 107. The angle
0, 18 the angle that permits maximum active power trans-
mission.

The value of ADI _ varies between 0 and 1 and it
determines the proximity to voltage collapse at a specific
bus. Ift ADI__=0, the voltage at a specific bus a 1s considered
stable and 11 ADI__=1 a voltage collapse may occur. The
verification required to predict voltage instability in the
power system and 1n response, disconnecting the AC reac-
tors (113, 106) to avoid a larger reactive power consumption
1s based on determining when the difference between o, and
o, called 0 exceeds a threshold phase angle o_,... . .. In this
respect, when 0=[0_-0_| reaches the theoretic limit of 90°,
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the maximum active power deliverable 1s achieved. As it
was mentioned before, there 1s no need to wait for this
difference to reach 90° to predict voltage instability. Thus, a
critical angular diflerence o_, ... . , may be defined and 1n the
case where 0=0_-0,20_, ... ., then voltage instability 1s pre- 5
dicted. The ADI index may be calculated at different points
of the power system being 0 the general notation for the
difference of the angles measured or estimated before and
after the high voltage alternating current transmission 109.
Thus, based on the above; one of the actions that may be 10
performed once voltage instability 1s predicted (10—
Oql=0_,,,...;) 18 disconnecting the AC reactors (113, 106) 1n
order to avoid larger reactive power consumption.
In some embodiments, a second verification 1s carried out
in order to predict voltage instability and determine when 15
the AC reactors (113, 106) may be disconnected. This
verification 1s based on determining the voltage V of the bus
where the AC compensations are connected; this verification
1s calculated 1n accordance with:

V=V 20

sagl

Wherein V., 1s an adjustable parameter based on the
specifications ot the power system and 1t V=V, voltage
instability 1s predicted.

As long as the AC reactors have been disconnected, the -5
STATCOM 102 onshore may be performing in accordance
with the grid code of the electrical grid 101.

A further advantage offered by the present invention 1s
that the difference in voltage angles may also be used to
determine when the danger of instability has eflectively 3g
disappeared. E.g. using the aforementioned index ADI for
cach of the buses 1n the system, it may be determined that
the active power of the wind turbine may be increased again
and/or that the DC chopper may be disconnected and/or that
the AC reactors may be connected again. 35

Although only a number of particular embodiments and
examples of the mnvention have been disclosed herein, 1t will
be understood by those skilled in the art that other alternative
embodiments and/or uses of the invention and obvious
modifications and equivalents thereof are possible. Further- 49
more, the present mnvention covers all possible combinations
of the particular embodiments described. Thus, the scope of
the present invention should not be limited by particular
embodiments, but should be determined only by a fair

reading of the claims that follow. 43

The invention claimed 1s:
1. A method for predicting and avoiding a voltage 1nsta-
bility 1n an electrical grid of an oflshore wind park, the
oflshore wind park electrical grid being connected at a first
end of a high voltage alternating current transmission and a 50
main land electrical grid being connected at a second end of
the high voltage alternating current transmission, and
the oflshore wind park having a plurality of wind turbines
connected to the wind park electrical grid, the method
comprising: 55

determining a main land phase angle associated with the
second end of the high voltage alternating current
transmission,
measuring an individual wind turbine phase angle at one
or more of the wind turbines, 60

determining a diflerence between each of the one or more
measured mdividual wind turbine phase angles and the
main land phase angle,

determining a threshold phase angle difference,

predicting voltage instability and performing an action to 65

avoid the voltage instability when at least one of the
differences between the measured individual wind tur-
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bine phase angles and the main land phase angle
exceeds the threshold phase angle diflerence; and

wherein determining the main land phase angle comprises
measuring a phase angle associated with the first end of
the high voltage alternating current transmission and
calculating the main land phase angle at the second end
based on a model of the high voltage alternating current
transmission.

2. The method according to claim 1, wherein the main
land phase angle associated with the second end of the high
voltage alternating current transmission 1s an angle of a
voltage phasor associated with the second end of the high
voltage alternating current transmission and the individual
wind turbine phase angle at one of the wind turbines 1s an
angle of a voltage phasor at the wind turbine.

3. The method according to claim 1, wherein the 1ndi-
vidual wind turbine phase angle 1s measured at each of the
wind turbines.

4. The method according to claim 2, wherein when a
difference between the main land phase angle and an 1ndi-
vidual wind turbine phase angle exceeds the threshold phase
angle, active power generated by the corresponding wind
turbine 1s reduced to avoid voltage instability.

5. The method according to claim 2, wherein when a
difference between at least one individual wind turbine
phase angle and the main land phase angle exceeds the
threshold phase angle, the active power generated by all the
wind turbines of the wind park 1s reduced to avoid voltage
instability.

6. The method according to claim 4, wherein the reduction
of the active power generated by the corresponding wind
turbine 1mvolves the use of a DC chopper.

7. The method according to claim 1, wherein one or more
AC reactors are operatively provided for the first end and/or
for the second end of the high voltage alternating current
transmission, and wherein the method comprises discon-
necting the one or more AC reactors when the difference
between the at least one individual wind turbine phase angle
and the main land phase angle exceeds the threshold phase
angle to avoid voltage instability.

8. The method according to claim 1, wherein the wind
turbines have permanent magnet synchronous generators.

9. The method according to claim 1, wherein each of the
wind turbines 1s separately connected to a medium voltage
line through a medium voltage transformer.

10. The method according to claim 1, wherein the thresh-
old phase angle difference 1s more than 60°.

11. The method according to claim 10, wherein the
threshold phase angle diflerence 1s 80°.

12. A method for avoiding voltage instability 1n an elec-
trical grid of an oflshore wind park, the ofishore wind park
clectrical grid being connected at a first end of a high voltage
alternating current transmission and a main land electrical
orid being connected at a second end of the high voltage
alternating current transmission, and

the wind park having a plurality of wind turbines, each of

the wind turbines being connected to the wind park
clectrical grid, the method comprising:

determining a main land phase angle associated with the

second end of the high voltage alternating current
transmission,

measuring an individual wind turbine phase angle at one

or more of the wind turbines,

determining a difference between each of the one or more

measured mdividual wind turbine phase angles and the
main land phase angle,

determining a threshold phase angle difference,
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when at least one of the differences between the one or
more measured individual wind turbine phase angles
and the main land phase angle exceeds the threshold
phase angle difference,

perform an action to avoid the voltage instability that

includes adjusting active and reactive power generated
by one or more of the wind turbines, and wherein the
adjusted active and reactive power to be generated by
cach of the one or more wind turbines 1s determined
based on the corresponding diflerence between the
individual wind turbine phase angle and the main land
phase angle.

13. The method according to claim 12, wherein the main
land phase angle associated with the second end of the high
voltage alternating current transmission 1s an angle of a
voltage phasor associated with the second end of the high
voltage alternating current transmission and the individual
wind turbine phase angle at one of the wind turbines 1s an
angle of a voltage phasor at the wind turbine.
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